The direct interactions between people and nature are critically important in many ways, with growing attention particularly on their impacts on human health and wellbeing (both positive and negative), on people's attitudes and behaviour towards nature, and on the benefits and hazards to wildlife. A growing evidence base is accelerating the understanding of different forms that these direct human-nature interactions take, novel analyses are revealing the importance of the opportunity and orientation of individual people as key drivers of these interactions, and methodological developments are increasingly making apparent their spatial, temporal and socioeconomic dynamics. Here, we provide a roadmap of these advances and identify key, often interdisciplinary, research challenges that remain to be met. We identified several key challenges, including the need to characterize individual people's nature interactions through their life course, to determine in a comparable fashion how these interactions vary across much more diverse geographical, cultural and socio-economic contexts that have been explored to date, and to quantify how the relative contributions of people's opportunity and orientation vary in shaping their nature interactions. A robust research effort, guided by a focus on such unanswered questions, has the potential to yield high-impact insights into the fundamental nature of human-nature interactions and contribute to developing strategies for their appropriate management.
Introduction
The direct interactions between individual people and nature (hereafter human-nature interactions) have attracted growing interest. The principal reasons are fourfold. First, and foremost, there is increasing evidence that direct interactions with nature can provide people with a range of health and wellbeing benefits [1] [2] [3] , and can play an important role in addressing some chronic health conditions and reducing the need for pharmaceutical interventions [4, 5] . Second, there is societal fear and awareness of the negative consequences of some human-nature interactions, such as attacks on people by wild large carnivores [6] [7] [8] , poisoning by venomous animals [9] , wildlifevehicle collisions [10] and the risk of vector-borne zoonoses [11] . Third, there is evidence of a progressive decline in positive human-nature interactions, the so-called 'extinction of experience', with potentially serious consequences for human health, childhood development and support for biodiversity conservation [12] [13] [14] [15] . Lastly, recent technological advances in tracking and sensing devices, as well as in environmental monitoring, have greatly improved the ability to describe and quantify an individual person's interactions with nature [16] [17] [18] [19] . This has opened the potential for a new era in this field (cf. 'personalized ecology' [20] ), using approaches that enable studies at finer spatial and temporal resolutions and over larger areas and longer periods.
The body of research on human-nature interactions is dispersed across a wide range of research disciplines, which has made consolidation of ideas and application of findings to practise significant challenges. Further, little effort has so far been made to synthesize and generate a coherent overview of knowledge in this area. Here, we provide a roadmap of advances in understanding the ecology of human-nature interactions. We present a definition and typology of these
Definition
We consider nature to encompass individual living organisms through to ecosystems, excluding organisms that are not self-sustained. This exclusion criterion enables a focus on essentially wild organisms; including those organisms that are not self-sustaining results in a nature interaction essentially becoming one with any non-human form of life (including, for example, cultivated crops, potted houseplants, livestock and domestic pets) as it becomes hard to draw any other line. We acknowledge that this definition of nature is one of many different possibilities, and providing a precise and uniformly accepted approach is still challenging (see [1, 3] for further discussion). Under this definition a given human-nature interaction occurs when a person is present in the same physical space as nature or directly perceives a stimulus from nature. This might be the individual organisms they encounter or the ecosystems that they experience, and might include visiting an urban green space or a national park, viewing trees through a window, smelling scent of wildflowers, listening to bird song or being bitten by a mosquito. In principle, the definition could include interactions with organisms that live on or in people, although we will not discuss these further as they are generally considered a rather different and distinct kind of interaction. Since our definition covers only direct sensory interactions with nature, we exclude 'interactions' through the media (e.g. through books, television, websites). Of course, for some groups of people, such 'virtual' or 'vicarious' interactions are important and can have positive impacts (e.g. [21, 22] ).
Typology
The many forms of human-nature interactions can be classified along five key dimensions: immediateness, consciousness, intentionality, degree of human mediation and direction of outcome (figure 1).
(a) Immediateness
Immediateness is the degree of physical proximity between a person and nature (figure 1a,b). More immediate interactions occur when a person is physically present in nature (e.g. walking in a forest) [5, 19] or physically interacting with it (e.g. touching wildflowers, being stung by a wasp [23] ). Less immediate interactions, on the other hand, do not require a person to be physically present, and might include such activities as having a view of roadside trees through a window or listening to outdoor bird song from inside a room (these have previously been termed 'indirect' interactions [24] ). Although less immediate interactions probably greatly outnumber the more immediate ones [24] , little is known about how this balance varies between people.
(b) Consciousness
Consciousness is the extent to which a person is aware that an interaction with nature is occurring (figure 1c,d). More conscious interactions might include actively observing wildlife or being attacked by larger animals (e.g. bears, sharks) [6] [7] [8] . Less conscious (or perhaps subconscious) interactions might include passively observing vegetation, hearing sounds of insects or smelling the scents of natural elements (e.g. flowers) while engaged in other activities (e.g. travelling, working), or being fed on by a leech. While the majority of research to date has focused on understanding the dynamics of more conscious human-nature interactions, it is likely that less conscious ones occur for much of the time that people are outdoors or have a view of the outdoors. Robust ways of quantifying the types and frequencies of interactions of different levels of consciousness are required. A key challenge is to do so in a way that avoids drawing people's attention to less conscious interactions and thus rendering these as conscious.
(c) Intentionality
Intentionality is the extent to which a person deliberately engages in a nature interaction (figure 1e,f ). More intentional interactions might include visiting an urban green space or a national park [25, 26] , or feeding birds in a domestic garden [27, 28] . At the other extreme, unintentional nature interactions occur as byproducts of other activities, such as encountering vegetation while cycling to work or accidentally hitting a bird while driving a car. The degree of intentionality can be difficult to determine. For example, it is a challenge objectively to assess a person's intention to incorporate human-nature interactions when they choose their route to a destination (which may also be influenced by knowledge of the route, its practicality, etc.).
(d) Degree of human mediation
Human-nature interactions can occur in places or through processes that have been more or less modified by anthropogenic activities (figure 1g,h ). Less humanmediated interactions might include observing wildlife from a distance on a remote, pristine and rarely visited island [19] . More human-mediated interactions, on the other hand, would occur where anthropogenic influences are marked, such as when observing birds at a feeding station in a city garden [27, 28] or being attacked by a bear that is habituated to humans in a popular site for ecotourism [8] . The degree of human mediation of human-nature interactions can have important consequences for the form of those interactions and the ease with which they can be achieved (e.g. how artificial the environments are in which they occur, overt evidence that other people have had such interactions, the degree of habituation of animals to people) [29, 30] .
(e) Direction of outcomes
The direction of outcomes of human-nature interactions can be considered from the perspectives of humans and of nature (figure 1i-l ). From the human perspective, positive interactions occur when a person obtains beneficial outcomes (e.g. health and wellbeing benefits), such as when viewing roadside flowers through a window or visiting a green space [1] [2] [3] . We do not generally consider eating plants and animals as positive human-nature interactions because for most people the associated beneficial outcomes are normally derived from dead organisms which lie beyond our definition of nature. Negative royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191882 interactions occur when these result in physical or mental injury, such as being attacked by wildlife [7, 8] or when encountering a type of organism about which one has a psychological phobia (e.g. apiphobia, arachnophobia, ophidiophobia). The direction of outcomes may be heavily moderated by personal characteristics. For example, more nature-oriented people might feel relaxed while visiting a forest (i.e. a positive interaction), whereas those with less nature orientation may feel discomfort or anxiety (i.e. a negative interaction).
From the perspective of nature, positive interactions occur when it derives beneficial effects from interacting with humans (these positive outcomes may or may not be desirable from a management or conservation perspective). This could, for example, be in the form of resources (e.g. feeding wild birds in a domestic garden; [27, 28, 31] ) or protection from potential predators (e.g. reduced risk of nest predation due to human recreational use of urban parks [32] ; the so-called 'human shield effect' [30] ). Negative interactions might occur when wildlife suffers greater disturbance or greater mortality risk, such as when vehicles collide with deer [33] or when hikers trample rare flowering plants [34] . These benefits and costs can be evaluated at multiple levels, with, for example, those from feeding garden birds having been considered in terms of impacts on resource gain by individuals, on their disease risk, breeding success or mortality and on population sizes and species richness [31, [35] [36] [37] [38] . There is often a substantial mismatch between the direction of outcomes for humans and for nature. For example, while recreational activities (e.g. camping, hiking and mountain biking) in protected areas provide visitors with multiple health and wellbeing benefits [26, 39] , they often exert serious negative impacts on local biodiversity [34] . This can cause significant challenges for conservation bodies as to how best to maximize the positive outcomes for humans while minimizing the negative consequences for nature.
(f ) Inter-relations
These five dimensions of human-nature interactions are interrelated in many ways. Intentional human-nature interactions, for example, are more likely to be conscious and positive. Likewise, more immediate human-nature interactions are more likely to be conscious, as these can deliver more intense, multi-sensory experiences for a person [40] . Critically, although the majority of studies to date have focused on a single type of human-nature interaction, most do not occur in isolation, but rather simultaneously with others. Visiting urban green space, for example, can lead to several differing human-nature interactions, such as viewing wildflowers, listening to bird song, being hassled by geese for food and actively feeding squirrels. Determining how such immediateness consciousness direction of outcomes (for humans) intentionality direction of outcomes (for nature) degree of human mediation less mediated less immediate more immediate more mediated negative less conscious more conscious positive negative less intentional more intentional positive 
Dynamics (a) Spatial dynamics
The occurrence and levels of human-nature interactions vary at multiple spatial scales ranging from local to regional, and national to international (figures 2 and 3). This is driven by three major factors, the balance of which is poorly understood (figure 2). First, spatial variation in human-nature interactions reflects differences in the opportunities that people have to experience nature. These opportunities are shaped heavily both by the availability and ease of access to more natural environments, including urban green space, countryside and protected areas, and through international ecotourism [25] . They are also shaped both by the occurrence and abundance of nature within those environments, which are dependent on such classical ecological factors as the size, shape, connectivity and abiotic conditions of habitats [17, 41] . These factors influence both positive and negative human-nature interactions (figure 3a-c) [9, 33, 41] . In North America, for example, the annual number of deer-vehicle collisions varies approximately fourfold between states and is strongly correlated with the size of deer populations [33] . Second, spatial variation in human-nature interactions is influenced by the distribution of humans themselves (figure 2). Given the high degree of urbanization of the human population, for most people their human-nature interactions occur in cities and towns. This is despite much of the world's urban area typically having lower densities of wildlife compared with natural areas (figure 3d) [42] . For example, the distribution of species observations collected in citizen science projects (one form of intentional humannature interaction) is generally spatially biased towards areas near major transport routes and urban areas [42] , which is sometimes quite different from their actual overall distributions [44] . Along with urban areas, popular sites for ecotourism are also hotspots of human-nature interactions [19] . The high levels of human-nature interactions in intensely used areas often alter the behaviour of animals. For example, it is known that individuals of many wild animal species that have benign interactions with humans undergo habituation-like processes leading to some degree of human tolerance [30, 45] . This, in turn, is likely to facilitate more frequent and intense interactions, suggesting the existence of a positive feedback loop between people and nature. Of course, species that have, or are perceived to have, less benign interactions with people (e.g. large carnivores) can also undergo such habituation, which can result in negative feedback loops when this leads to these individuals then being killed or moved elsewhere.
Third, spatial variation in human-nature interactions, particularly at larger scales, is also determined by cultural, religious and socio-economic differences in people's orientation towards engaging with nature (figure 2). These can vary from very positive to very negative attitudes towards such engagement and result in behaviour that can maximize the occurrence of human-nature interactions in environments when the opportunities are limited or minimize it in environments when the opportunities are extensive (figure 3e) [43] . For example, the intentional feeding of wild birds in domestic gardens is an extremely popular activity in some Western countries, such as the UK and the US [27, 28] . However, this type of nature experience is widely discouraged in Australia, and virtually unknown in much of Africa and Asia [43] .
Of course, the distributions of humans, opportunity and orientation do not shape the spatial dynamics of humannature interactions independently, but rather are interrelated in multiple ways (figure 2). For example, highly populated areas generally provide fewer opportunities due to limited space for the maintenance of nature [46] , suggesting the presence of a trade-off between the distributions of humans and opportunity. More importantly, however, these two factors often have a synergistic effect on the development of human-nature interactions. Two obvious examples are that areas with (i) greater human population density often attract large numbers of wild animals that are adapted to humandominated environments (figure 3c) [41] and (ii) greater opportunities (e.g. popular ecotourism sites) can attract large numbers of people [19] . The spatial distributions of opportunity and orientation are also likely to be connected Figure 2 . Conceptual framework to illustrate the drivers and the dynamics of human-nature interactions. The three main drivers that shape the dynamics of human-nature interactions are (i) humans (i.e. distribution and behaviour of people), (ii) opportunity to interact with nature (e.g. distribution of natural environments and wildlife, phenological patterns of plants and activity patterns of animals) and (iii) orientation towards engaging with nature. Note that the three drivers of human-nature interactions here are not likely to shape the main forms of dynamics-spatial, temporal and socioeconomic-of human-nature interactions independently, but rather are closely interrelated to each other. Likewise, the three types of dynamics are also likely to be interrelated, as changes in the spatial, temporal and socio-economic patterns of these interactions often occur simultaneously or consecutively (see the main text). (Online version in colour.) royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191882 to each other in a bidirectional manner; more nature-orientated people are more likely to reside in areas with greater opportunities (e.g. greener neighbourhoods) and living in such areas may increase people's nature orientation [47] . Understanding the dynamics of the relationships among the drivers of human-nature interactions is a key challenge that has received relatively little attention.
Undoubtedly, spatial patterns of human-nature interactions are not static but change over time. Global warming is one of the major forces driving such change, as it is altering the distribution of nature [48, 49] , the distribution of people [50] and the orientation of people to interact with nature [51] . In Mozambique, for example, it is estimated that climate change will alter the spatial patterns of snake bite risk due to changes in the distribution of venomous snake species [52] . Such knowledge allows policy makers to develop risk management plans to minimize the consequences of negative human-nature interactions. [9] . (c) Relationship between human population density and abundance of sets of bird species that commonly display behaviours that are negative for human wellbeing (e.g. crow, magpie) in southern England [41] . (d ) Differences between the observed and expected number of records of frog species obtained by the South African Frog Atlas Project within distance bands from cities [42] . The record data were collected through various methods and sources, such as herpetological volunteers' field survey and museum and personal databases (i.e. historical records), which covers approximately 100 years of frog sampling. (e) Distribution of countries that have policies with positive, negative or neutral views of wild bird feeding [43] . Light blue shading indicates countries where the modal policy position represents a positive view, dark blue shading represents countries where the modal policy position was negative and grey shading represents countries where the modal policy position was neutral concerning wild bird feeding activity (see [43] for more details 2) . Examples corresponding to each of these three drivers include that (i) human-nature interactions tend to be with a small subset of local birds because most are active earlier in the day than are people and with a small subset of local mammals because most of these are nocturnal (figure 4a) [53] ; (ii) large carnivore attacks on people in North America and Europe occur predominantly from late spring to early autumn, because many people participate in outdoor recreational activities during this period (figure 4b) [7] ; and (iii) the incidence of wildlife-vehicle collision accidents in developed countries tends to be high at dusk and during the night, as a result of increased activity of nocturnal mammals (figure 4c) [54] . Clearly, the temporal dynamics of humannature interactions are governed by the complex interplay of these three drivers, and their relative contributions probably depend on the type of interactions. There is currently an emerging growth trend in some kinds of negative human-nature interactions, such as snake bites, shark bites and attacks by large carnivores (figure 4d,e) [6] [7] [8] 55, 56] . For example, the number of attacks by brown bears is on the rise in many areas around the world, increasing approximately fourfold over the last 16 years [8] . Likewise, in South Africa, the incidence rate of shark bite has increased more than fourfold over the past 30 years [6] . Although it is difficult to pinpoint exactly what has led to these changes, possible drivers include increases in human populations, increases in numbers of ecotourists, reductions in available natural undisturbed habitat due to urban and agricultural developments, increases in ecotourism to previously remote and undisturbed locations, growing familiarity of wild animals with people and inappropriate behaviour of people towards them [6] [7] [8] 29, 55, 56] . Given the extent and severity of negative human-nature interactions worldwide, identification of the key environmental and social factors (e.g. changes in wildlife populations, loss of people's ecological knowledge) underlying their occurrence is urgently needed.
(b) Temporal dynamics
Over much longer periods one of the major trends in human-nature interactions is the progressive loss of positive interactions, the so-called 'extinction of experience' [12, 13, 57] . Regular interactions between people (especially children) and nature have been in persistent decline, particularly in developed countries (figure 4f ) [13, 58] . Two major factors drive this trajectory [13] . The first is the loss of opportunity to interact with nature, which is a consequence both of the rapid urbanization of human populations and of the loss of biodiversity (particularly common species) [58] . The second factor is the loss of orientation of people towards engaging with nature, which is likely to be associated with the rise in alternative leisure time activities (e.g. social media, television, internet) and increased parental concerns for safety if children play outdoors [59] [60] [61] . Although debate so far has emphasized the importance of opportunity in the extinction of experience, the influence of orientation on people's use of nature can be comparable and sometimes stronger [59, 60] . Understanding the role of opportunity and orientation, and their interactions, in shaping human-nature interactions is crucial for developing policies and strategies targeted to reduce the ongoing extinction of experience and its negative consequences [25] .
(c) Socio-economic dynamics
The occurrence, frequency and composition of human-nature interactions are influenced by multiple socio-economic factors, as these factors affect the three key drivers of these interactions (figures 2 and 5). Rapid economic growth coupled with urbanization and industrialization is one of the major driving forces of large-scale changes in the dynamics of human-nature interactions, as it results in (i) a decline of overall human-nature interactions, particularly positive interactions, because of a loss of opportunity (figure 5a) [58, 62] ; (ii) a shift towards more human-mediated nature interactions because of high levels of anthropogenic disturbance in urban ecosystems [45, 65] [62] . Levels of nature experiences were measured by the number of common nature-based activities (e.g. climbing trees, catching insects) in which each child participated (see [62] for more details). (b) The proportion of respondents from high and low socio-economic suburbs who fed birds and who reported seeing native birds (bellbird, tui, silvereye) in their gardens in Dunedin, New Zealand [63] . (c) Proportion of residents with trees that provide shade in the open spaces around their house across five socio-economic classes in Melbourne, Australia [64] . (d ) Relationship between levels of socio-economic deprivation and the proportion of households providing food for birds in their domestic gardens in Sheffield, UK [35] . (Online version in colour.) royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20191882 interactions because of increased levels of indoor sedentary behaviours associated with urban living [24] .
At least in more urbanized societies, socio-economically advantaged groups of people often have a higher frequency of positive interactions with nature, such as watching birds in a domestic garden and viewing street trees through a window (figure 5b) [63, 64] . This is driven by three different, albeit interrelated, factors. First, at a larger scale, wealthier cities often have greater coverage of public green space because of their financial capacity for its retention and maintenance [46] . Second, at a more local scale, individuals from more socio-economically advantaged backgrounds tend to live in greener neighbourhoods with houses sited nearer to parks, woodland and trees (figure 5c) [64, [66] [67] [68] . Third, wealthier people are more likely to use their personal resources to increase habitat for wildlife on their private land (e.g. wildlife gardening, food provision for birds; (figure 5d) [35, 63, 69] , making their neighbourhoods richer in biodiversity (the socalled 'luxury effect' [69, 70] ).
As well as receiving fewer positive human-nature interactions in economically developed countries, in less developed countries individuals from disadvantaged backgrounds often experience more negative interactions, such as snake bites, scorpion stings and attacks by large carnivores [55, 71] . At least in some developing countries, poor people tend to live in regions where there are more wildlife species that can cause them harm [55] . They are also more likely to undertake activities that place them at high risk of experiencing negative human-nature interactions. In the Americas, for example, snake bites occur predominantly in rural areas during agricultural activities, especially in developing countries where farming is an important economic activity [9] . Likewise, in Mozambique there is a high incidence of crocodile attacks in rivers across the country, which is associated with the lifestyle patterns of local communities, such as collecting water for drinking and catching fish [71] .
(d) Inter-relations
The three key types of dynamics of human-nature interactions are interrelated (figure 2), as changes in the spatial, temporal and socio-economic patterns of these interactions often occur simultaneously or consecutively. Urbanization, for example, alters all three dynamics simultaneously, as it leads to changes in both the spatial (e.g. increased human-mediated interactions in populated areas [65] ) and temporal patterns of humannature interactions (e.g. long-term decline in positive interactions [58] ), as well as the socio-economic inequalities in the degree to which people interact with nature (e.g. increased positive interactions among wealthier households [70] ). While the majority of studies to date have focused on a single type of dynamics of human-nature interactions, more research effort should be devoted to exploring how the three types are related to, and dependent on, each other.
Conclusion
There is widespread recognition of the importance of direct interactions between people and nature, particularly for human health and wellbeing, but also for the future of biodiversity because of the impacts on people's attitudes and behaviour towards nature [13, 20] . Somewhat ironically, this recognition has grown in a period when for much of the global human population such interactions overall are increasingly scarce [13] . Arguably, however, alongside methodological advances, this has also made it somewhat easier to characterize and study direct human-nature interactions. The major challenge for science and policy is to find ways that will maximize the positive outcomes of direct human interactions with nature while minimizing their negative consequences, both for humans and nature [20] . While some of the basic principles have been established, this requires a much improved understanding of the patterns, drivers and dynamics of human-nature interactions. This includes the need to characterize individual people's nature interactions through their life course, to determine in a comparable fashion how these nature interactions vary across much more diverse geographical, cultural and socio-economic contexts that have been explored to date, and to quantify how the relative contributions of people's opportunity and orientation vary in shaping their interactions. This constitutes an agenda that epitomizes the demand for research that crosses historically poorly connected disciplines.
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